Introduction
RNA-interference (RNAi) is experimentally used for gene silencing via a double-stranded RNA (dsRNA) targeting a complementary messenger RNA (mRNA) and promoting its degradation by a nuclease-dependent cut. Although this acronym was first used by Fire et al. (1998) in studying the model organism Caenorhabditis elegans, this biological phenomenon had already been observed before, though not completely understood, in several organisms such as transgenic plants (Ecker and Davis, 1986; Napoli et al., 1990) , Neurospora crassa (Romano and Macino, 1992) , Caenorhabditis elegans (Guo and Kemphues, 1995) , and Drosophila melanogaster (Pal-Bhadra et al., 1997) , indicating that RNAi is widely present in most eukaryotes. Notably, some eukaryotes lack all or most of the RNAi machinery; among others, these include some protozoa (Robinson and Beverley, 2003; DaRocha et al., 2004) , and several fungi including Saccharomyces cerevisiae (Aravind et al., 2000; Nakayashiki et al., 2006; Drinnenberg et al., 2009) . Some researchers suggest that this mechanismprobably a defense against exogenous, potentially harmful dsRNA such as that of viruses or transposable elements -evolved very early and was already present in the first, primitive eukaryotes; as a result, organisms not showing RNAi probably lost it during evolution (Cerutti and CasasMollano, 2006) . The use of RNAi has been largely and successfully used for the analysis of single gene silencing as well as for the screening of genome-wide collections of genes, showing that the resulting phenotype is usually highly specific and penetrant (Mohr et al., 2010) . This approach allowed achieving extremely important results, especially in the investigation of basic cell life phenomena such as metabolism, mitosis and cytokinesis, chromosome structure and behavior, and mitotic spindle functions. Remarkably, in most screenings RNAi is not used to identify genes required to maintain mitotic chromosome integrity, principally because this type of analysis cannot be automated (Conrad and Gerlich, 2010) . Thus, genomewide screenings for this phenotype are largely missing from the scientific literature.
The DNA of living cells is subject to many types of molecular lesions, including base modifications, singleand double-strand breaks, and intra-and interstrand crosslinks between bases. Double-stranded DNA breaks (DSBs) are probably the most deleterious lesions, as they can result in chromosome aberrations (CAs), cell death, and neoplastic transformation (Khanna and Jackson, 2001; van Gent et al., 2001; Mills et al., 2003) . To counteract the effects of DSBs, living organisms have evolved 2 main mechanisms for repairing their DNA: homologous recombination (HR) (San Filippo et al., 2008) and nonhomologous end joining (NHEJ) (Lieber, 2010) . In the HR pathway the broken ends undergo a recombinational process with the undamaged sequence of either the sister chromatid or the homologous chromosome, which is used as a template for accurate DSB repairs. In the NHEJ pathway, after a limited degradation (Huertas, 2010) , broken ends are ligated irrespective of homology, thus resulting in a small sequence deletion at the joining site. The latter mechanism is intrinsically errorprone, and in addition to the aforesaid deletion it may also lead to various types of chromosomal rearrangements, such as transpositions and reciprocal translocations (Lieber et al., 2006; Weinstock et al., 2006) . Experimental analyses using ionizing radiation and restriction enzymes have shown that DSBs are the principal lesions leading to the formation of CAs (Natarajan and Obe, 1978; Obe et al., 1992; Vamvakas et al., 1997; Richardson and Jasin, 2000; Obe et al., 2002; Tsai and Lieber, 2010) . Interestingly, after a first burst, a second round of radiation-derived CAs may appear several cell generations after the first genomic insult, indicating that its effects on genome stability might become evident even after a long time (Streffer, 2010) . Because of the lack of homology, the erroneous ligation of 2 centromere-containing broken DNA ends by NHEJ leads to the formation of a dicentric chromosome able to start the break-fusion-bridge cycle (McClintock, 1951) , which in turn makes CAs more complex. CAs were associated with neoplastic transformation in man a long time ago (Nowell and Hungerford, 1960; Levan, 1967; Rowley, 1973; Zech et al., 1976; Fukuhara et al., 1979; Hatano et al., 1981; Tsujimoto et al., 1984; Finger et al., 1986; Rabbitts et al., 1988; Le Beau et al., 1993) , frequently because of up-, down-or misregulation of genes important for DNA replication, DNA repair, checkpoint control, and mature ribonucleoprotein (mRNP) biogenesis (Aguilera and Gomez-Gonzalez, 2008; Clémenson and Marsolier-Kergoat, 2009; Kerzendorfer and O'Driscoll, 2009; Mitelman et al., 2010) . Acentric fragments, lacking a centromeric region, are not able to correctly segregate during the cell division and can either be inherited by any of the daughter cells -irrespective of their gene content -or be lost. In most cases, the final output is the formation of a cell having a quantity of DNA that is larger or smaller than the normal complement; this situation is usually called segmental aneuploidy because only a fraction of one or a few chromosome(s) is genetically unbalanced. Interestingly, cells cope better with polyploidy than aneuploidy; although chromosome number abnormalities are frequently associated with the neoplastic transformation (Torres et al., 2008; Williams and Amon, 2009) , aneuploidy is a potential tool to target cancer cells, since even transformed cells are sensitive to genomic unbalances (Bannon and Mc Gee, 2009; Williams and Amon, 2009) . As a general mechanism, aneuploidyincluding segmental aneuploidy -leads to alterations of the gene copy number, and these alterations may influence not only the gene itself (and/or the protein it encodes) but also its molecular or functional interactors (Torres et al., 2008; Veitia et al., 2008; Henrichsen et al., 2009) , which leads to the potential deregulation of tens of genes. In this perspective, it becomes crucial to identify those genes that determine the genome stability by controlling the chromosome integrity, since the effects of even a single un-or misrepaired DNA break may have harmful consequences. Of great help is the fact that these genes are widely conserved in most eukaryotes, so it is conceivable that studying them in a model system, such as cultured Drosophila S2 cells interfered with by RNAi, might provide important suggestions about the role of their human orthologs, with the advantage that in Drosophila the interference is easily achieved and the karyotype is simpler than in humans due to a reduced chromosome number.
In 2008 Somma et al. identified a number of genes having a role in mitosis. To achieve this result, they created a list of genes coexpressed with other, known mitotic genes. In order to evaluate the coexpression, they used the Pearson correlation coefficient and, since this variable goes between -1.00 and + 1.00 and its highest values express increasing levels of positive correlation, they focused on the range of [0.85, 1.00]. Specifically, Somma et al. evaluated the frequency of contemporary expression of a reference gene (first variable) against any other gene (second variable) of the D. melanogaster genome using microarray data from 89 different experiments. They repeated this analysis 6 times, using 6 reference genes connected to mitosis, and created a merged table of coexpression using the average value of each gene against the 6 reference genes. Finally, they analyzed the first approximately 1000 genes that had a Pearson correlation coefficient in the above mentioned range. The screening was performed by studying the cytological phenotype of cultured S2 cells after RNAi targeting of these genes. In the present work we applied RNAi against the same genes, but specifically focused on the presence of chromosome instability as a consequence of gene silencing. Our approach allowed the identification of a group of at least 81 genes whose silencing results in a chromosome breakage phenotype. Surprisingly, only less than one-third of them can be directly related to DNA metabolism, i.e. DNA replication and/or repair, nucleotide biosynthesis, and chromosome structure. This indicates that the majority of the loci we identified could not be predicted to produce such a phenotype upon silencing. We were able to group some of them into discrete classes, according to their function, and to identify a new phenotype, which we called multifragmented cells, showing extensive chromosome breakage upon RNAi-mediated silencing, and that is particularly strong for genes that have DNA replication-related functions. Unexpectedly, another class of genes was also highlighted by our experiments; they are apparently involved in the mitosis/apoptosis cell fate, but also destabilize the chromosome structure after silencing. Taken together, our results suggest that the genes involved in genome integrity are much more numerous than expected.
Materials and methods

Double-stranded RNA synthesis and cell treatment
Genes were amplified by polymerase chain reaction (PCR) either using a mixed embryonic cDNA library (Brown and Kafatos, 1988) or genomic DNA. Each gene-specific primer used contained the 35-nt sequence for the T7 RNA polymerase binding site (5'-TAATACGACTCACTATAGGGAGG-3') at the 5' end. dsRNA was synthesized with an average length of 750 bp (minimum length: 600 bp) and analyzed as previously described (Somma et al., 2002 (Somma et al., , 2008 . S2 cells were cultured at 25 °C in Shields and Sang M3 medium (Sigma) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Invitrogen) . Cells reared at 25 °C in complete medium were centrifuged, then resuspended at a concentration of 10 6 cells/mL with serum-free medium and finally plated in a 6-well culture dish (Sarstedt). Each culture was subsequently inoculated with 15 µg of dsRNA. Control cultures were prepared in the same way, in parallel, but no dsRNA was added. After 1 h of incubation at 25 °C, 2 mL of medium supplemented with 15% FBS was added to each culture. Both dsRNA-treated and control cells were grown for 72 h at 25 °C.
Cytological preparations and image collection
Cells from 3-mL cultures were interfered with for 3 days and then resuspended in the medium, and 1 mL of cell suspension was treated for 2 h with colchicine (colcemid at a final concentration of 10 -5 M). Cells were then centrifuged at 1000 rpm for 5 min. Pelleted cells were washed in 10 mL of phosphate-buffered saline, spun down by centrifugation, and resuspended in 5 mL of hypotonic solution (0.5 M sodium-citrate) for 7 min. After further centrifugation at the same speed, pelleted cells were fixed in 5 mL of methanol and acetic acid (3:1), spun down again, and resuspended in the small volume of fixative left after the gentle removal of the supernatant. Ten microliters of this suspension was dropped onto a microscope slide and air-dried. All slides were mounted in Vectashield with DAPI (Vector) to stain DNA. Images were captured using a CoolSnap CCD camera (Photometrics, Tucson, AZ, USA) connected to a Nikon Eclipse E600 fluorescence microscope equipped with an HBO 50-W mercury lamp.
Statistical methods
For the proportion of cells with aberrations, the comparison between each line with interference and the control entails the analysis of a 2 × 2 contingency table. The chi-square value with Yates' correction for continuity and its associated probability were calculated. When the expected number in 1 or more of the table cells was less than 10, Fisher's exact test was carried out and the 2-sided probability values were calculated using the method of small P-values, as described (Agresti, 1992) .
The expected number of aberrations per cell in every pair of samples compared (the treated line considered and the control) was calculated assuming that the 2 samples were extracted from the same population with a Poisson distribution. The chi-square test (which is based on the difference between observed and expected values) was performed using Yates' correction. When the expected number of aberrations was less than 10 in at least 1 of the cells of the table, the exact test based on the binomial distribution was performed. Additionally, in this case the 2-sided probability was calculated with the method of small P-values. For genes whose interference caused a significant effect, the possible nonrandom distribution inside the coexpression list was checked by the MannWhitney test, while the possible nonrandom location within the chromosome bands was established evaluating the significance of the deviations from a Poisson distribution (variance test).
Finally, whenever multiple tests were involved, in order to achieve a protection against errors of the first type, Holm's sequential Bonferroni procedure was applied to check the statistical significance at the level of a P ≤ 0.05, as described (Holm, 1979) .
Results
Preliminary screening
Our initial analysis of S2 cells revealed that there is a considerable number of spontaneous CAs, including both chromatid/chromosome breaks and exchanges. This phenotype is not influenced by the use of non-Drosophila random dsRNA. In order to evaluate the absolute number of CAs and their variation, we performed a series of 45 different control experiments, in parallel with RNAi treatments, using cells grown for the same time and with the same medium, but without adding dsRNA. The results of these experiments are listed in Table 1 . As shown, controls averaged 21 aberrant cells (ACs) and 23.7 CAs per 100 scored metaphases -the latter number being higher since occasionally 2 CAs are present in the same metaphase. Analysis of these data using the chi-square test demonstrated that these numbers are very similar among different experiments (P > 0.9999 for both ACs and CAs), so the variability of this parameter is very low.
In conclusion, it can be assumed that the basal level of ACs and CAs is a characteristic feature of this cell lineage and may be considered as a constant when evaluating the possible clastogenic effects of RNAi on a particular gene. As a starting point for the search for genes that are important for chromosome integrity, the experiments described by Somma et al. (2008) were replicated to reproduce the same working conditions, i.e. the same interfering RNA obtained with the same primers was used, and a corresponding amount of dsRNA was added to the cells, which were treated for an equivalent time. In total, the chromosome complement of 1132 interfered genes was cytologically analyzed. The quantitative data were then studied using the chi-square test with Yates' correction. We found that none of the tested dsRNA was able to lower the number of either ACs or CAs compared to our controls. Instead, genes increasing the number of CAs and/or ACs upon interference, with a P-value of ≤0.05 in the single comparison with the control, are reported in Table 2 . For each cell lineage, at least 50 metaphases in at least 2 different experiments were examined. The experiments characterized by less than 50 metaphases are those for Table 2 . List of the genes that impair chromosome integrity upon RNAi-mediated silencing, with 137 genes identified by RNAi and validated using the chi-square test with Yates' correction. ACs: Aberrant cells; MCs: multifragmented cells; CAs: chromosome aberrations. Columns -1: Rank of the gene according to the list by Somma et al. (2008) ; 2: locus identifier according to FlyBase; 3: other names of the gene/locus, according to the available literature; 4: human orthologous gene; 5: function of the gene as reported in FlyBase, Release FB2013_04 (see below for the meaning of each code); 6: total number of scored metaphases; 7: cells having at least one chromosome break/rearrangement; 8: number of cells with multiple, unscorable breaks and already counted in Column 7; 9: the asterisk marks loci positive for ACs after applying the Holm-Bonferroni correction; 10: total number of CAs, excluding those in MCs; 11: the asterisk marks loci positive for CAs after applying the Holm-Bonferroni correction. Rows in bold text highlight genes/loci that are positive only for ACs or for CAs according to chi-square test with Yates' correction. Codes for the genetic functions in alphabetical order -A: General RNA metabolism; C: chromatin/chromosome structure; D: DNA damage repair, DNA recombination; E: import-export from nucleus; K: protein phosphorylation and dephosphorylation; M: mitotic spindle assembly; N: nucleotide/nucleoside metabolism; O: other functions; P: phagocytosis, engulfment; R: DNA replication; S: splicing, mRNA maturation/modification; T: transcription; U: ubiquitin and sumo metabolism, protein degradation; X: unknown function; Y: apoptosis; Z: translation. Each functional class was arbitrarily created when at least 3 genes fell inside it; in all other cases, the genes were assigned to the O (other functions) class. which the interfered cells show a mitotic index much lower than that of the control; in this case, RNAi was performed at least 3 times (and up to 4 times) and, if metaphases were still not enough, data were also analyzed using Fisher's exact test (for ACs) and binomial distribution (for CAs) to confirm the results of the chi-square test. This allowed the identification of 137 genes (i.e. more than 12% of the 1132 scored) in which the number of ACs, the number of CAs, or both are significantly higher than in the control (P ≤ 0.05 in the single test). It is noteworthy that more than 80% of these genes (112 / 137) have a human counterpart ( Table 2) . Of great interest is the discovery that 34 of them (~25%), to date, have a completely unknown function, and 66 (~48%) have a function not directly related to DNA metabolism, since their annotation in FlyBase, the fruit fly database, does not report (as to Release 2013_04) for them a role in any of the following groups: i) chromatin/ chromosome structure, ii) DNA damage repair, iii) DNA recombination, iv) DNA replication, v) nucleotide/ nucleoside metabolism (Table 2) . Consequently, only 27% (37/137) of the genes in the list could have been predicted, on the basis of their established function or of their homology with other known genes, as capable of altering the karyotype structure. In conclusion, the number of genes important to maintain the stability of the genome is much greater than expected. For the majority of the identified genes (117/137, 85.4%), both the number of ACs and the number of CAs per 100 metaphases is significantly increased, compared to control, using the chi-square test. However, for 20 genes (14.6%), this is not true (Table 2 , see the genes highlighted in bold font). Of them, 16 (11.7%) showed a significant increase only in CA absolute number, and 4 (2.9%) only in the number of ACs. An analysis of the function of these 20 genes indicates that also in this case, many (8/20, 40%) are of unknown function, and only a few of them (2/20, 10%) are directly related to DNA metabolism. Thus, also in these cases it would have been impossible to guess their role in genome stability without some types of experimental evidence.
Finally, we also identified a phenotype that is not present in control cells and that we called multifragmented cells (MCs), i.e. cells showing such a high number of CAs that it does not allow the discerning of single chromosomes. This phenotype is easily recognizable: an average karyotype of S2 cells contains 12 chromosomes (Figure 1a) , while in these cells the number of chromosomal structures, including acentric fragments, is far higher that 20 (our arbitrary threshold to separate ACs and MCs). Notably, in control cells this phenotype was never scored in more than 2000 metaphases. Instead, during the screening it was possible to identify 49/137 genes (35.8%) positive for this phenotype, up to a MC/AC ratio value of ~75% (47/63) as in the case of the RpA-70 coding gene (Tables 2 and 3 ; Figure 1 ). Notably, in previous reports this phenotype was identified only in RNAi experiments targeting RpA-70.
Identification of new genes involved in chromosome integrity
In the previous paragraph, the results of single comparisons between each interfered line and the control were shown. However, the analysis of hundreds of tests may cause the emergence of several false positives by chance. In order to obtain protection against an inflated error of the first type, and to maintain a P-value of ≤0.05 as our level of statistical significance, Holm's sequential Bonferroni procedure for multiple testing was used. Genes significant at the 0.05 Table 3 . Genes showing the MC phenotype after RNAi-mediated silencing. Genes are ranked according to their descending MC/AC ratio. Column 1: Gene locus; Column 2: gene aliases (FlyBase, Release 2013_04); Column 3: functions (they are the same as in Table 2 Table 2 . This allowed the identification of at least 81 genes with the same characteristics, i.e. either CAs only or both ACs and CAs are significantly higher than in the control after RNAi. Their relative proportions as for the functions resulted similarly to those previously described, and also in this shorter list more than 80% of identified genes has a human ortholog. Interestingly, and differently from what was found with the single comparisons described before, with this statistical method none of the identified loci show a significant increase of ACs only. Consequently, at the moment it is not possible to assess whether the increase of ACs only is a true phenotype for some silenced genes, or if it is just a byproduct of randomness.
Genes causing AC-CA are randomly distributed as for ranking and map position
To find out whether there is any correlation among the 81 genes identified in the present screening, 3 different variables were analyzed separately using statistical approaches.
The first variable is their ranking position inside the original list created by Somma et al. (2008) (reported in Table 2 , Column 1). Their original work was based on the coexpression of genes having a role in mitosis, with the rationale that genes involved in the same biological process tend to be transcriptionally coexpressed. The ranking position of any given gene (Somma et al., 2008) consequently reflects its average coexpression value with respect to 6 reference genes. To get a general picture of the present data, the 1132 selected genes were arbitrarily split into 11 blocks of 103 genes (with the exception of the last block, which contains 102 genes) and the number of genes positive for ACs and/or CAs after RNAi treatment was evaluated. As shown in Figure 2 , the genes seem to be almost uniformly distributed and there is no evidence of a tendency to concentrate in any portion of the coexpression list. A comparison between the distribution of the 81 loci and that of the remaining 1051 genes using the MannWhitney test confirmed the above intuitive conclusion (P = 0.1168). Therefore, genes causing genome instability upon silencing are randomly and uniformly distributed throughout the original list. The second variable considered is the mapping position of the identified genes inside the D. melanogaster genome, to investigate if they share their chromosomal location, creating syntenic groups (Figure 3 ). For this purpose the available data from FlyBase about the 102 chromosomal bands that characterize the polytene chromosomes of the fruit fly were collected. In particular, the focus was on the number of protein-coding genes, which are the target of RNAi experiments. In order to check whether the 81 significant genes tend to concentrate on particular bands, an analysis was performed on the possible presence of departures from a Poisson distribution. The variance test did not show any significant deviation (the 1-sided p-value equals 0.4648). Similarly, the number of positive genes on any given chromosome arm was proportional to the overall number of protein-coding genes mapped on that arm (Table 4) , the single gene on the fourth chromosome being excluded in computing the p-value; the chi-square test did not show any significant deviation from the expected numbers (P = 0.5487). In conclusion, the 81 genes causing genome instability upon silencing are not clustered inside the genome of D. melanogaster.
Identification of gene clusters inside the list according to their cellular function
The third variable evaluated is the cellular function of the 81 genes identified in the present screening, to check whether it is somehow related to their rank position. For this aim, the function reported in FlyBase (Release FB2013_04) was used as a reference. Sixteen arbitrary functional classes were created, after setting the rule that a class must be represented by at least 3 genes/loci; in all other cases, the genes/loci were assigned to the class "other functions" (Table 2 ). These functional classes were then further grouped into 5 macroclasses, which can be related to more general metabolic and/or cellular mechanisms. The 5 macroclasses are: i) DNA metabolismrelated functions; ii) RNA metabolism-related functions; iii) subcellular functions; iv) cell cycle progression-related functions; v) unknown functions (Figure 4) . Interestingly, the Mann-Whitney test revealed a significant deviation from randomness for the distribution of the positive genes belonging to 2 of the macroclasses: the DNA metabolismrelated genes (P = 0.0070) and the cell-cycle progressionrelated genes (P = 0.0088). This means that these genes tend to be clustered toward the higher portion of the list. Notably, data of these 2 classes of genes are significant at the 0.05 level also after the Holm-Bonferroni correction for multiple tests. 3.5. Genes causing high frequencies of MCs upon silencing mainly have functions related to DNA replication and tend to have high rankings As described before, genes causing extensive chromosome fragmentation (MCs) upon RNAi-mediated silencing are well represented among those causing CAs and ACsindeed, almost half of the genes (37/81, 45.7%) show this peculiar phenotype. Genes positive for the MC phenotype are reported in Table 3 , which includes also those genes that are not positive after applying the Holm-Bonferroni method (in the present section, we will refer to the entire content of Table 3 as an "extended list"). Notably, 4 of the 8 genes positive after applying this statistical correction and with a stronger phenotype (i.e. with a ratio of MC/ AC of ≥5%), namely rpA-70 (whose ratio MC/AC equals 75%) CG15220 (MC/AC = 21%), mcm7 (MC/AC = 20%), and mus209 (MC/AC = 15%), are involved in the DNA replication. Additionally, these 4 genes are also the top 4 as for the strength of their MC phenotype. Looking at the extended list, 3 more loci fall inside the MC/AC ≥5% group, i.e. l(2)NC136 (MC/AC = 17%), CG7656 (MC/AC = 10%), and mcm3 (MC/AC = 8%). Of these, mcm3 (position 7 in the extended list) is involved in DNA replication as well. Taken together, these data suggest that an extreme MC/ AC ratio phenotype could be typical of genes involved in DNA replication-related processes. Interestingly, among the genes inducing the appearance of MCs after silencing, the number of genes involved in the mitotic spindle assembly is also relatively high (5 loci positive with the Holm-Bonferroni method out of 8 total loci), although for them there is no particular accumulation in any part of the extended list.
To characterize further this class of genes, their rank position inside the list reported in Table 2 was considered, in order to check if their distribution is random ( Figure  5 ). An analysis with the Mann-Whitney test revealed that these genes are not randomly distributed (P = 0.0243). These data indicate that genes causing extensive chromosome damage tend to be coexpressed with the mitotic genes originally described by Somma et al. in 2008. 
Discussion
Overview of the screening
In the present work, we analyzed the karyotype of S2 cells treated with dsRNA against a chosen pool of genes. These genes had previously been selected based on their coexpression with other genes involved in various aspects of mitosis (Somma et al., 2008) . The cited study and the data shown here demonstrate that this methodology allows the identification of genes that play a role in chromosome (Table 2) were grouped into 5 macroclasses. Genes/loci were split into the same 11 blocks reported in Figure 2 . There is not a one-to-one relationship between genes and functions: a gene having 2-3 functions in the same macroclass was scored once, while a gene having 2-3 functions in different macroclasses was scored once for each macroclass; thus, the number of functions analyzed here (98) does not correspond to the number of genes selected with the Holm-Bonferroni method (81). CDNR: DNA metabolism-related functions (for the letter meaning, see Table 2 ); AST: RNA metabolism-related functions; EKOPUZ: other cellular functions; MY: cell cycle progression-related functions; X: unknown functions. Note that the CDNR and MY functions are not evenly distributed along the list of coexpression (see text for the statistical analysis). Figure 5 . Distribution of the genes causing extreme chromosome fragmentation (MCs) upon RNAi. Note that these loci tend to accumulate toward the top half of the list described by Somma et al. (2008) (see text for the statistical analysis). We are aware that, apparently, there is a main limitation in this screening, due to the method used to shrink the number of examined genes. The reference list (Somma et al., 2008) relies on the average coexpression value (evaluated with Pearson's correlation coefficient) of D. melanogaster genes with other 6 mitosis-related genes. The choice of 6 reference genes is arbitrary; any other list derived averaging 6 (or even more) different lists could have been used, and at the moment it is not known if this would have created a significantly different record of coexpressed genes. Moreover, our screening was performed for a phenotype (chromosome integrity) that was not straightly related to their gene selection method. For these reasons, it is not surprising that genes directly involved in the DNA damage recognition/repair, or in general DNA metabolism (nucleotide biosynthesis, DNA replication, chromatin/chromosome structure), are poorly represented among those identified -they are approximately 32% of the total after the Holm-Bonferroni correction. Instead, a lot of found genes either have unknown function (~21%) or are assigned to functions not apparently related to chromosome integrity (~47%). Given that segmental aneuploidy is potentially harmful for cell survival and is a recurrent step during tumorigenesis, all genes causing such a phenotype are potentially "indirect" oncogenes, since their clastogenic action is able to alter the genetic equilibrium of the cell. Consequently, the possibility to have a list of such genes is crucial for the comprehension of the neoplastic transformation and for the study of the possible role of these genes in this phenomenon. Moreover, these genes may be used for patient screening and as potential targets of antitumor therapy. In addition, the fact that 2 of the reference genes encode proteins having important roles also outside of mitosis (Cid/CENPA deposition occurs during the S phase and EB1 plays important roles during the interphase) further broadens the record of interesting genes found.
Since the coexpression-based selection worked fine for the isolation of new genes involved in mitosis (Somma et al., 2008) , and since the cytogenetic methodology works fine as well for the study of genes involved in chromosome structure, merging these 2 approaches (i.e. creating coexpression lists using genes known to be related to chromosome integrity) should allow the identification of novel genes whose cellular role is still unknown. At this point, the goal is not trying to understand why a given gene causes a certain phenotype, but rather to identify how many and which genes are responsible, directly or indirectly, for this phenotype. For example, there are no clues about why 7/81 (8.6%) genes have a described function connected to mitotic spindle assembly. However, knowing that these 7 genes may also cause chromosome instability is certainly an important discovery and indicates that, potentially, other genes with the same function might induce a comparable phenotype on chromosomes; this in turn indicates that genes responsible for mitotic spindle assembly are potentially able to cause neoplastic transformation by induction of segmental aneuploidy. Similar conclusions may be drawn for the other classes of genes described.
The reason why these genes cause the CA phenotype is, in many cases, unknown. Several scenarios may be depicted to explain these data, and probably more than one should be applied to the genes here described. The easiest explanation is that these genes encode proteins that play multiple roles inside the cell, one of which is maintaining the chromosome integrity -a function not described before and that partly addresses the so-called "g-value paradox" (Hahn and Wray, 2002) . This is reasonable, since available analyses of mutant flies did not necessarily cover all aspects of cell biology. Another possibility is that the reported function is simply wrong. In some cases no mutants are available for a given locus, and the gene role is inferred only on the basis of sequence similarity with other genes of known function. Finally, it may be also assumed that the gene function is not "directly" related to DNA damage, and that the chromosome breakage occurs only after one or more intermediate metabolic steps that, for some reasons, are not visible in mutants (if available). Indeed, cell cultures are not complete organisms, and RNAi is a very powerful technique: it is possible that these phenotypes are just not visible in mutant flies, either because of the presence of redundant functions, or because cells undergo cell cycle arrest that does not allow the analysis of the karyotype, or even because some genes are not active in certain tissues (the fruit fly karyotype is usually analyzed in larval neuroblasts, and S2 is an undifferentiated, embryo-derived cell lineage). In any case, the conclusion is that the list of genes that potentially may alter the chromosome structure is surely much longer than anticipated, and one way to compile such a list is, unexpectedly, to search for genes not related to genome integrity.
Identification of gene clusters
A great effort of the present screening was the search for relationships among the identified genes, especially for their relative position inside the coexpression list, for their physical position inside the genome, and for their role inside the cell. The result is that the 81 loci found are almost evenly distributed for both their relative position in the coexpression list, and for their map position inside the D. melanogaster genome. This roughly uniform scattering suggests a functional and evolutionary meaning. As described in Section 1, the loss of a genomic portion is frequently associated with the neoplastic transformation. Consequently, an even localization of the genes causing chromosomal breaks upon malfunction determines the fact that any deletion of any genomic region will impair the entire genome stability. Thus, it is possible to postulate some kind of "positional information" related to these genes that allows the cell to indirectly control the overall stability of the genome. In other words, any random genomic damage -independently of its causewill frequently induce the associated loss of at least one gene controlling the overall genomic stability; this would further destabilize the genome, inducing cell death in most cases. Further studies are needed to verify if this almost even distribution is typical of Drosophila or is evolutionary conserved; if it is conserved, this would partly explain, among other things, why some genomic rearrangements in cancer cells are more frequent than others.
When the positive genes were grouped into functional macroclasses, other interesting results arose. At least for 2 macroclasses, the positive genes tend to be clustered toward the top of the list: those connected to DNA metabolism, and those connected to cell cycle progression. The discovery of the first class of genes was not surprising, but the second class of loci, comprising genes involved in apoptosis and mitotic spindle assembly, was unpredictable. We would expect that impairing mitotic spindle assembly would result in an activation of the spindle checkpoint able to stop the cell cycle; alternatively (if this checkpoint is the interfered function), we would expect the cell to go on dividing, but would also expect that a subsequent interphase checkpoint would induce its cycle arrest. Similar hypotheses could be made for the genes involved in apoptosis. Instead, RNAi on these genes produces a potent effect on the chromosome integrity, and the high level of CAs that we found suggests that their formation is probably irrespective of other cellular control mechanisms. These results may be explained in several ways, and we suggest here 3: i) the silencing of these genes causes an inactivation cascade targeting also other checkpoint proteins, so the entire cellular control machinery is impaired; ii) these genes play a role in the activation of one or more still-working checkpoints that, if not activated at the proper time, are not able to function anymore; iii) the silencing of these genes destabilizes the chromosome structure immediately before the mitotic chromosome condensation, so checkpoints do not have enough time to be activated prior to the metaphase plate establishment. Further analysis of these genes is required to discriminate among these possibilities, or to postulate others.
The present study also allowed the identification of a class of genes causing extensive chromosome breakage after RNAi and recognizable by the presence of MCs, a phenotype absent in controls. Analysis of these loci revealed that many of them, and particularly those showing the stronger phenotype (as measured by the MC/ AC ratio), belong to the DNA replication functional class. DNA replication, strictly speaking, is not a mitosis-related function, but probably these genes were selected because, as described before, 2 of the 6 reference genes also act during interphase. This fact allowed description of what the effect of RNAi is on this type of genes and the drawing of some conclusions. First, many genes related to DNA replication, after silencing, may show a similar phenotype. This may be easily verified by performing RNAi against genes belonging to this functional group. Second, a given gene showing, upon silencing, a high MC/AC ratio, will likely take part in DNA replication. This of course will be useful for genes either with an unrelated or without a known function, and in this case the verification should be based on the cytogenetic analysis of mutants (if available) and/or on biochemical evidences (for example, interaction with known DNA replication proteins or in vitro functional analysis). Ideally, this should provide a role to at least some genes with unknown function but similar phenotype. Third, according to the present data, these genes tend to be coexpressed with each other (accumulation in the top half of the list), so in principle the creation of appropriate coexpression lists using known genes of this functional class should give good results in the search of new DNA replication-related loci.
Final remarks and future perspectives
The aim of the present screening was to find genes causing chromosome integrity failure upon silencing. The results were obtained using, as a selection criterion, coexpression with genes not related to this phenotype. Our results indicate that, at least in some cases, these genes encode proteins with multiple, different roles. Indeed, this is a relatively new and not completely surprising finding: searching for new gene functions implies that the "previous" function should not be considered during the screening. These data in part fill the so-called "g-value paradox" (Hahn and Wray, 2002) , according to which there are too many functions compared to the number of protein-coding genes. Our data show that the genes whose function is preventing chromosome breakage are far more numerous than expected, and potentially they might be involved in tumorigenesis through the induction of segmental aneuploidy. Since many genes are apparently unrelated with this phenotype, a screen of the entire D. melanogaster genome would be invaluable for the identification of such loci; in fact, our data strongly suggest that any selection criterion would result in an incomplete record of genes.
